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Abstract. The emergence of jawed vertebrates wasDMP1 gene may have been retained in birds because of
predicated on the appearance of several innovations, irits involvement in bone formation.

cluding tooth formation. The development of teeth re-

quires the participation of several specialized genes, ifKey words: Tooth formation — Dentin matrix protein
particular, those necessary for the formation of hard tis1 — DMP1 — Hen'’s tooth

sues—dentin, enamel, and cementum. Some vertebrates,

most conspicuously birds, secondarily lost the tooth-

forming al:_:ility. To dgtermine_ the fate of some of the_ Introduction

tooth-forming genes in the birds, we tested a domestic

fowl cDNA library for the expression of the dentin ma- o ) . .
trix protein 1 OMP1) gene. The library was prepared Dentin is composed of mineralized extrace_llular matrix
from the poly(A) RNA isolated from the jaws of 11- to secreted by odontoblasts (Butler and Ritchie 1995). The

13-day-old embryos and the testing was carried out b)}natrix consists of collagen (about 90%) ar,'d_ noncolla-
the polymerase chain reaction with degenerate primerd&nous components (about 10%), mostly acidic phospho-

designed on the basis of the available mammalian an?rOtﬁins' Thg .collafgﬁn fibrils fuqction asla S(;]aﬁOIdinﬁ
reptile sequences. A chicken homologue of DiIP1 or the deposition of hydroxyapatite crystals, whereas the

gene identified by this approach was shown to be eXphosphoproteins are believed to be involved in the ini-

pressed in the jaws and long bones, the same two tiSSuéigltion of mineralization and in the control of the rate of

as in mammals. The chickeDMP1 gene has an exon/ apatite growth. The best characterized of the phospho-

intron organization similar to that of its mammalian and PTOteINs Is encr?_dﬁdh In bthe d?nt'nd _mz?]tnx protein 1
reptile counterparts. The chicken gene contains thre£PMP1) gene, which has been cloned in human (Hirst et

short highly conserved segments, the rest of the gen@l- 1997b), cattle (Hirst et al. 1997a), mouse (MacDou-
being pooriy alignable or not alignable with its mamma- 92/l €t al. 1998), rat (George etal. 1993), wallaby (Toyo-
lian or reptilian homologues. The distribution of simi- S&Wa et al. 1999a), opossum (Toyosawa et al. 1999a),
larities and dissimilarities along the gene is indicative Ofplatypus (Toyosawa et al. 1999a), and caiman (Toyo-

a mode of evolution in which only short segments argSawa et al. 1999D). Transcripts of th/P1 gene were

kept constant, while the rest of the gene is relatively free?"19inally detected by northern hybridization in rat odon-

to vary as long as the proportion of certain amino aCidtoblasts (George et al. 1993) but were later shown by in

residues is retained in the encoded polypeptide Théitu hybridization to be present in other mineralized tis-
' sues, including enamel, cementum, and bone (D’Souza et

al. 1997; George et al. 1994), as well as in fetal cattle
brain (Hirst et al. 1997a). The hum&MP1 gene codes
* Present addressDepartment of Oral Pathology, Osaka University, fora polyp(_aptlde chain Composed of 16 amino acid resi-
Faculty of Dentistry, 1-8, Yamadaoka, Suita, Osaka 565-0871, Japardu€s of a signal sequence and 473 residues of the mature
Correspondence taJan Klein;e-mail: jan.klein@tuebingen.mpg.de  protein (Hirst et al. 1997b). The acidity of the protein is
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attributed to the preponderance of Asp and Glu residues;. coli NM514 bacteria. The cDNA libraries were screened by poly-
and its phosphoprotein nature to the presence of >100nerase chain reaction (PCR) amplification using degenerate primers

. . . . . based on an alignment of human, cattle, rat, mouse, wallaby, opossum,
Ser residues forming sites for phosphorylation by Case“#;;Iatypus, and caimabMP1 sequences. The two primers were as fol-

kinases | and Il (Butler and Ritchie 1995; Hirst et al. |oys: cD10, sense, BEAGGAGGAYGAYAGYGGNGAYGAYAC-
1997b). The protein sequence contains several potential; and CD8, antisense," A\TAACCATCYTGRCARTCRTTRT-
N- and O-glycosylation sites. ThéMP1 presumably CRTC-3. The amplification product of these two primers spans a
functions by binding to the matrix fibrils and thus initi- "egion of approximately 1 kb in exon 6 of tti2MP1 gene.
ating nucleation and facilitating mineralization through
its high C&*-binding capacity. PCR Amplifications

Since theDMP1 gene is present in proto-, meta-, and
eutherian mammals, as well as in crocodilian reptilesGenomic DNA (100 ngll) or lysate of the cDNA libraries (ul) were
(Hirst et al. 1997a,b; MacDougall et al. 1998; George etamplified by PCR in 50ul of PCR buffer (1.5 v MgCl,/200 uM
al. 1993: Toyosawa et al. 1999a,b), it was presumabl)?“\_‘TP/lo nM Tris, pH 8.5) in the presence of the sense and antisense

. rimers and 2.5 U ofraq polymerase (Pharmacia Biotech). Amplifi-
also possessed by the toothed ancestors of the birds. PCEsoftions were performed in the RoboCycler Gradient 96 (Stratagene) in

sible retention of at least some tooth-forming capacity byss cycles, each cycle consisting of 1 min of denaturation at 94°C, 1 min
birds is indicated by tissue recombination experimentsof annealing at the annealing temperature, and 3 min of extension at

From these, it has been claimed that thevitro cocul- 72°C. The final extension was for 10 min at 72°C. The annealing
tivation of a neural crest-derived mesenchyme of atemperatures varied from 53 to 60°C depending on the primer combi-

. . nation used. For the initial isolation with the CD10-CD8 primer com-
mouse (Ko”ar and Fisher 1980) or lizard (Lemus et al'bination, the temperature was 57°C. For reverse transcription PCR, 1

1983; Lemu_s 1995) embryo with the oral e'pithelium of @,,9 of total RNA prepared from 11- to 13-day-old jaws of fowl embryos
fowl or quail embryo leads to the production of amelo- was used for the first-strand cDNA synthesis with random hexamer

genin by bird-derived ameloblasts whose differentiationprimers, aided by the’SRACE kit (GIBCO/BRL). The product was

has been stimulated by inductive signals from the mamamplified by PCR using the fowbMP1-specific primer DEN95 (an-

. . . . tisense, 3-GCTGCTGCTGCTACTGTCACCATGTC-
ma“_an tissue (Lemus 1995)' _A remprqcal eXpe_”memCTCT-s") in combination with the generic anchor primer supplied with
leading to the purportedly chicken-derived dentin hasie kit and annealing to the poly(C) tail. The DEN95 primer anneals to
also been reported (Lemus 1995), but not all studies havexon 6 of theDMP1 gene, 342 bp from the cDNA'’s start codon. The
supported the view that chicken tooth-forming genes aré’CR product was subcloned irfland-digested pUC18 plasmid vector.
potentially functional (Karcher-Djuricic and Ruch 1973;
Arechaga et al. 1983). To determine whether any of theDNA Sequencing
genes directly involved in tooth formation are expressed
in birds, we attempted the isolation of the bibMP1 Double-stranded DNA was purified using the Qiagen plasmid kit. Two
gene. to five micrograms of DNA was used in the dideoxy chain-termination
reactions performed with the help of the AutoRead Sequencing Kit
(Pharmacia Biotech), which containetifiiorescent-labeled sequenc-
ing primers and T7 DNA polymerase. The reactions were then pro-
cessed by the Automated Laser Fluorescent (ALF) Sequencer
(Pharmacia Biotech). The following two internal primers deduced from
the DMP1 sequence were used: DEN96, senseCEAGAGACTGA-
GGACACCAACTCT-3; and DEN97, antisense,’ 3 TGGTGC-
TCTCTGTGGATGTGCT-3. To determine the exon—intron organiza-
Domestic fowl Gallus gallug embryos at different days (11 through tjon of the fowl DMP1 gene, the following primers were used to
13) of development were collected, their upper and lower jaws, as welbmplify the individual boundary regions (Fig. 1): DEN98, sense (E2),
as other parts, were dissected out, and the tissue blocks were immedi* . ATGAAGACTGCACTGCTGATGTTG-3; DEN99, antisense
ately frozen in liquid nitrogen for later use in the preparation of the (E3), 5-AGGCTCTCGGGACACGGAGAGATG-3 DEN100, sense
cDNA library. Adult Reeves’s pheasanByrmaticus reevesiitissue (E3), 5-CATCTCTCCGTGTCCCGAGAGCCT-3 DEN101, anti-
was used for the isolation of genomic DNA by the phenol—chloroform sense (E6), 56GGACCCAGCGCATTTGCCACATC-3 Similarly,
extraction method (Davis et al. 1986). the primers for the exon—intron boundaries of the pheasant gene
were as follows: DEN104, sense [EZ2, Gntranslated region (UTR)],
. 5-ACGCTTCTACACCTCTGCTGCAGG-3 and DEN113, antisense
Fowl cDNA Library (E6), 5-ACCATGTCCTCTGGTGTCCCCAGT-3 The DEN104
primer, in combination with DEN105, antisense (EBU3R), 5-
Poly(A") RNA was isolated using the mRNA purification kit and TGACCCAACTCCACCACAAACAAA-3', was used to confirm the
cDNA was synthesized with the help of the TimeSaver cDNA synthesisidentity of sequences in the overlapping parts of the cDNA clones. To
kit (Pharmacia Biotech). The cDNA was then inserted iftwoRI- obtain the pheasa@MP1 sequence from the genomic DNA, the fol-
digested\gt10 vector (Stratagene), in vitro-packaged with the help of lowing three primer pairs were used: DEN104/DEN101, DEN100/
the Gigapack cloning kit (Stratagene), and used to transform competefdEN113, and CD10/CD8.

Materials and Methods

Source and Isolation of DNA

Fig. 1. Nucleotide and translated amino acid sequence of @MP1 cDNA clones. Exon/intron borders are indicated by th&ymbols. Amino
acid residues are given in the IUPAC—IUB single-letter code. Primer positions and orientations are indicatattyeah lineabove their location
in the sequence.
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126 136 - DEN115 1 146
AGC AGC AGT GAG AGT GCG ATG GCC CCA CGC CGC CAC ATC CGA TAC CGT GGC GGC TCC AGG TGG GGA GGA GGC AGC
s s s E S A M A P R R H I R Y R G G S R W G G G S

151 161 171
AGC AGC AGC CAG GAG GAT GAT GAG GAG AAC ATT GGA CTG GGC AGT GAA GGC ATG CAG GGT GAC GAC CCC TCT GTC
S S S Q E D D E E N I G L G S B G M Q G D D P S v

176 186 196
TTT GAC AGC CTG GGT GGC AAG CAC CGC AGC CGG GGG ACG TCT GGC AGC CCC TGG GAG GAT GAA GAC AGC CAC TCC
F D S L G G K H R S R G T S G S P W E D E D S H S

]

201 211 221

CCA GAG ACT GAG GAC ACC AAC TCT GTG GAA GAC AGC AAG GAG AAG AGT CAC TCA CAG GAG RAC AGC GAG GCC AGC
P E T E D T N S \Y% E D S K E K S H S Q E N S E A s

226 236 246
AGG TCC AGG GAG GAT GGC GAC AGC CCA TCC CAG GAG GAT GGG GAC AGT CCG TCC AAA GAG GAT GGG GAC AGC CCG
R S R E D G D S P S Q B D G D S P S K B D G D S P

251 261 271
TCC CAG GAG GAT GCG GAC AGC CCG TCC CAG GAG GAT GCG GAC AGC CCA TCG CAG GAG GCA TCA GAT GAG GAG TCT
S Q E D A D S P S Q E D A D S P S Q E A s D E E S

276 286 296
GCA GAG GAC GGC TCA GAG GAG GCG GTG AGC GCA TCC CAG GGA CGC AGC AGC AGG GAG GAG CGG GCG TCC GCA GAG
A E D G S E E A \Y% S A S Q G R S S R E E R A S A E

301 311 321
GAC AGA AGC GCA GTG TCT GAT CTT GAC ACC GAG GAG GAG CAG AGC AGG TCC AAA GAG GAC AGC TTG GAG ACA GAG
D R S A v S D L D T E E E Q S R S K E D S L E T E

326 336 346
GAA GAT GTC TCC AAG CCT GAC GAT GAT GCT CCA AGT GCA TCA ACT GAG AGC CAG AGC TCA TCC CCA GAG GGC AGC
E D Y% S K P D D D A P S A S T E s Q S S S P E G S

—y -, 1
351 361 - DENO7—57T 1

CAG GAG GAC AGT GAG GGT GAG GAG GAC GAG GCA GTG AGC GAA GAG AGC ACA TCC ACA GAG AGC ACC AAC AGC GCA
Q E D S E G E E D E A v S E E S T S T E S T N S A

376 386 396
TCC CTG GAG GAG GAT GAT GAT GAT GAT GTG CAC TCC CAG GAG ACT ACC AGC CGT GGG GAT GCC AGC TCA CTG CGC
S L E E D D D D D v H S Q E T T S R G D A S S L R

401 411 &—Cbs8

AGC CTG AAG AAC CGC AGG CGG CGG CCG GGT GCC TAC CAC AGG AAG CAG GCT GCC GAG CTC GAC GAC GAC GAC TGC
S L K N R R R R P G A Y H R K Q A A E L D D D D c

—

426
CAG GAT GGG TAC TGA

Q D G Y Ter

~4———DEN 05—

TGGCACTGCTGCCTCATTTGTTTGTGGTGGAGTTGGGTCAGCCTCTGCTTCTGCGGACAGACAGGGTGAGGGCTGGCCATGTGGGCAGTGAGTGGTGGGG
CTGGCTGTGGGGAATCCCAAGTCCTGGCCTGCAGGTGAGGGCATCCCAGCGCTCTCTCCTTGCCCTTGCTGCTCGGGARCCGCACACGGTATCATGCTGGC
GCACATCGCACCACGCTGAGGGGGGGGGGGGGTGTATGTAATATTTTGTAAGAAATGTACAGARAAGCCTTCTATTGTRAACCTCTCTGTGTCCACGGCACT
TATCTCTCCATGCTGAAATGTATCCTGTGTATGTCCTTGATTCACATTAAACA
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Southern and Northern Blot Analysis sponding to the mammalian exon 1 and containing the 5
UTR presumably exists in the fowl gene but it could not
Southern blotting was carried out as described earlier (Toyosawa et abe identified in the cDNA clones, perhaps because of the
1999b). For northern blotting, total RNA and poly)ARNA were way the cDNA libraries were prepared. The foRMP1
prepared using the Qiagen RNeasy and the Oligotex mRNA Kkits, re-

spectively. The mRNA was electrophoretically separated on formalde—exon 2 CorreSponds exaCtIy to the mammalian and rep-

hyde gel and blotting was performed (Davis et al. 1986). The blots werdilian exon 2. The 3border of fowl exon 3 is shifted by
hybridized according to the protocol provided by the supplier of the four codons upstream compared to the mammalian exon

Alk-Phos Direct kit (Amersham) used for labeling the probe. 3. Mammalian/reptilian exons 4 and 5 appear to be miss-
ing in the fowlDMP1 gene. The 5border of fowl exon
6 is shifted downstream compared to both the mamma-
lian and the reptiliarDMP1 genes (the 5border of the

Alignments of protein sequences were made with the aid of the Clustal\/\P’]":m.'maIIan gene being shifted downstream relative to

program (Thompson et al. 1994) and corrections were made by hand€ reptilian gene). Both variation in exon size and dif-
For detailed analysis of conservation patterns, the fowl, pheasanderential splicing of the upstream exons BMP1 have
caiman, mouse, and human sequences were separately aligned, follofgjeen described previously (MacDougall et al. 1998;
i issi f 115 amino acid extension in exon 5, unique to caimal ; ; ;
I(r‘]l%;/)cr)rs]:vsvl;)r;?al. 1999b). A sliding window of 30 coydongwas used t:ro)./osav.va et al. 1999, a’b)' Exon 5 Is dlfferemla”y
estimate the percentage of nonsynonymous substitukgnfér pair- spllced in the mous®MP1 (MaCDOUQa" et al. 1998)
wise comparisons by the method of Li (1993). and can vary eightfold in size, from 45 bp in the mouse
to 357 bp in the caiman (Toyosawa et al. 1999, a,b). The
functional significance of the absence of exons 4 and 5 in
Results and Discussion the fowl remains unclear. The exons are moderately con-
served in eutherian mammals (Fig. 3), which suggests
that they are constrained in their evolution. However, the
observed variation of exon 5 and the absence of exons 4
and 5 in some birds imply that these exons play a role
hich is not critical to the function of the DMP1 protein
1d that their absence may not impair the function. The
conservation of fowl and pheasadMP1 gene organi-

Sequence Analysis

To determine the fate of tHeMP1 gene in modern birds,
we prepared cDNA libraries using mRNA isolated from
the jaws of domestic fowl (chicken) embryos at 11-13
days of development and screened them by PCR usin
degenerate primers based on the sequences of mam

lian and reptilianDMP1 genes. The presence of positive =~ .
clones in the cDNA libraries was indicated by strong zation suggests that exons 4 and 5 were absent before the

PCR signals. The positive clones were isolated and seaplitting of the two Iin.eages, some 16-20 million years
quenced. The complete coding sequence of the fowf90 (Helm-Bychowski and Wilson 1986).
cDNA was obtained from three overlapping clones. One ' N€ comparison of the fowl deduced protein sequence
of the clones (dmp1-1), which contained the entire transWith the knownDMP1 sequences reveals the existence
lated region, was PCR-amplified from the cDNA library of three short, highly conserved regions, the rest of the
using the primer pair CD10/CD8 (see Materials andprotein being poorly alignable with either the mamma-
Methods). The second cDNA clone (dmp1-2), which lian or the reptilian polypeptides (Fig. 3). The conserved
contained the BUTR, was amplified by anchored PCR regions span residues 218-226, 328-335, and 655-663.
using a vector-specific primer and the internal primer The remainder of the sequence, although highly diver-
DENO91. The third clone, encompassing a portion of thegent among mammals, reptiles, and birds, nevertheless
5' UTR, was obtained by reverse transcription PCR. The'€tains a similar character in terms of amino acid com-
primer pair DEN104/DEN105 was then used to confirmposition. The putative fowl DMP1 protein, like the
the identity of the entire coding sequence (Fig. 1). known DMP1 molecules of other species (Hirst et al.
The 1680-bp-long sequence was found to contain ad997a,b; MacDougall et al. 1998; George et al. 1993,
open reading frame for 429 amino acid residues, beginToyosawa et al. 1999a,b), has a relatively high content of
ning with the initiation codon at nucleotide 38. The first acidic amino acids Asp (13.4%) and Glu (13.5%), the
21, mostly hydrophobic, amino acid residues of the detwo residues responsible for the acidic character of the
duced protein sequence presumably constitute the signablypeptides, as well as a high content of Ser (17.5%),
peptide, followed by 408 residues of the mature proteinthe residue essential for the phosphorylation of the mol-
The stop codon at nucleotide site 1325 is followed byecule.
353 bp of the 3 UTR. Exon-intron boundaries of the This distribution of similarities and dissimilarities
fowl DMP1 gene were determined by sequencing thealong the sequences is indicative of a mode of evolution
corresponding regions of genomic DNA, using thein which only short segments are kept constant, while the
known genomic organization of the reptile and mamma-est of the polypeptide is relatively free to vary, as long
lian genes as a guide. The foDMP1 gene consists of as the proportion of a few specific amino acid residues is
four exons interrupted by three introns, two fewer than inretained. This unusual mode of evolution becomes ap-
the mammaliarDMP1 genes (Fig. 2). An exon corre- parentin a sliding window comparison of the percentage
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Fowl DMP1

116 by
E2 pE3

L I

54 3 1197 3 3UTR
TGA

ATG

Pheasant DMP1

116 bp
E2 E3 E6

= SIS

54 36
A'#G

Caiman DMP1 (Toyosawa et al. 1999b)

17by
DH 2kb EEZ EES 25kb Ej“z PP £5 650 b;' s ;}/ﬂ
SUTR 154 48 - ps
4 1479 4 UTR
ATG TAA

Human DMP1 (Hirst et al. 1997b)

E1 E2 E3 E4 E5 E6
———— iz ——  Fa2 SonEhwon
SUTR 454 4 a3 48 1356 i SUTR o_rganlzatlon_ ofDMP1 genes in
ATG TAG birds, a reptile, and mammals.
Hatchedandopen rectangles
Cattle DMP1 (Hirst et al. 1997a; Toyosawa et al. 1999a) indicate translated and untranslated
E2 E3 E4 E5 E6 (UTR) exon regions, respectively.
I Coding lengths of exons in base
5UTR 454 48 33 48 1377 i 3UTR pairs are indicated beneath the
ATG TAG boxes; lengths of introns in base
pairs or kilobase pairs are also
Mouse DMP1 (MacDougall et al. 1998) indicated, where known. ATG and
TGA or TAA are the initiation and
H—F4 LIS SIT IS — the stop codons, respectively.
33 45 1329 [ 3UTR Sources of information are
TAG referenced after the species names.

of nonsynonymous substitutions per codon positions irdid not come from the same, but rather from paralogous,
the genes of the different pairs of taxa (Fig. 4). Theloci within one family. If this were the case, the inter-
comparison reveals that nonsynonymous sites divergingretation of the above results would not be as straight-
rapidly between closely related taxa (representatives oforward as presented. To test for the presence of paralo-
the same or different mammalian orders) correspond tgous or related genes, we performed Southern blot
the nonconserved sites in comparisons between distantgnalysis of fowl genomic DNA digested witHindlll,
related taxa (different vertebrate classes). Similarly, theélad, Pst, and Alul restriction enzymes and hybridized
slowly evolving nonsynonymous sites in intra- or inter- with two kinds of fowIDMP1 probes. One probe covered
ordinal comparisons within the same class correspond tost of exon 6 including the three conserved regions. A
the highly conserved sites in comparisons of bird, reptile second, smaller prob€ 200 bp) was obtained by PCR
and mammalian sequences. The expectation is that amplification with the primers DEN112 (sense)-5
similar mode of evolution should also be apparent InAACCACGTGGAGCGAGACCTTGCT-3 and
comparisons oDMP1 genes from different species of DEN115 (antisense) 5GGAGCCGCCACGGTATCG-
birds. This expectation is borne out by tBMP1 se- GATGT-3'. The amplification product encompassed
quence of the Reeves’s pheasant (Fig. 3), which lastodons 71 to 144 of exon 6 and included only one of the
shared a common ancestor with the domestic fowl apthree conserved regions. The hybridization pattern ob-
proximately 16—20 million years ago (Helm-Bychowski tained by both probes was identical: only one hybridizing
and Wilson 1986). The pheasant and the fowl sequencedsand could be detected (Fig. 5A). A similar result was
are alignable along their entire length (Fig. 3) but havealso obtained with reptile and mammalian genomic DNA
clearly diverged more in the segments that cannot bend the corresponding probes (Toyosawa et al. 1999a,b).
aligned in comparisons of sequences from different verdf there were a multigene family oDMP1-like se-
tebrate classes than in the conserved segments. This rguences sharing the conserved regions, multiple hybrid-
sult also indicates that the bildMP1 genes evolve un- izing bands would be expected to appear on at least some
der similar evolutionary pressures as the mammalian andf these blots. The result in Fig. 5A is consistent with the
reptilian sequences and hence that they are functional.existence of a singl®MP1 gene in the chicken haploid
The possibility existed, however, that the bird genesgenome.
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1 11 21 31 41 161 171 181 191
CONSENSUS ==> MKTVILLLFL WGLSCALPVA RYQNTESESS EEWTGDLAQA PTPPL ESS ESSEESKASS EEQANSDPTD STESGEELGS DDGQAVYRPA
Human -=IS---M-- —-—---——--- T ----N---D- ---K-H---- --- -—~-G--V-- -----E--S- --Q-E-G--- --H-YI--L-
Cattle —==T===M-- -------K-- ---K-H---T --- -------L-- --~---E--S8- ----E-V--L --Q-H-H---
Rat - ) —-R--N---§ Kk KkkERAFRKF KAk ___[__ _RG-* Ao
Mouse - --R-D---GS *N- ————— Q--P —R-—*%————
Wallaby e e e e .. e e e e e e e e e
OPOSSUIM ettt ittt e e e e e e e e
Platypus e e e e e e e e e e e e e
Caiman - -A-TY-H--P NHP-VHDG-- K--RV-SSET LAALR -LN -H-L-DVNEF HDHEDHHTG- -RKPKQHYNT E-KGSL-KTK
Fowl ---AL-M-L- -AAAR-H--P GHLSVSR-PE DAAP--V-N- LG-L- FrKk kkkFkkkkk k% **GDEDHGRL HASM-PWDTG -ADV-FGNHV
Pheasant --V-L-M-L- -AAARTH--P GHLSVSQ-PE DAAP--VVN- LG-L- Frk kkxkkkkxkxkx **GDEDRGRI RAGV-PWDT- -ADV-IGNHV
201 211 221 231 241 251 261 271 281 291
CONSENSUS ==> GGLSKSTGKG ADDKDDDEDD SGDDTFGDDD NGPGPEERQY GGGSRLGSDE DSADTTQSSE DSTGQGENSA QDTDSDSSSS SESDSADSRP EAGDSTQGGD
Human --F-R----- G S----KD--E --N------- --D--I-A-- E-AP--QD-- ---T-E-REL DNE-RV--K- -G-----**E
Cattle ---~RRG-SE - ---P--DEG- R--T-E-RDL DRE-EGN---
Rat - ~—-§-*-—-- ——-P---KDH HS*-E-----
Mouse --L----G-W --P-K-D--- —--§-*---- ---P---KDQ DSE-D-H--- D----A-**H
Wallaby -SQ-SM--HQ QE*****%** xk*kx*x*x*GK K-AAD--GVS HHAVH-K--Q ---R-*QEE- NESHK**VH-
Opossum --Q-SM--HQ QEDDDSDTTL S*******N- N--AD--DGN HNVV--E--Q ---R-LEEEE NESHEVDVHG
Platypus --QASNQ--E EE******** *_PFVGAGDD NTV-DDSEDY A--QR-YN-Q ****NL-KGE DVSHAADS-A
Caiman RFY-QKFN-- IN-LI-E--- GDTNGKDPS- *TVNPS-V-- YT-FHNGVHH RGH-DTAFRK K-S--S---- -S-S-SE--D LDSREYRNHI
Fowl ERDLAEHNGL PAWPG-E--- ------DE-K E**EG-GPA- -T-DTR-HG* ****&¥kkkkk dkkkhrrdhrk *hk__G-—-- ——— AM-PR-* **HIRYR--*
Pheasant ERDLAEHNGL PTWPG-E--- ------ DE-K E**ES-GPA- -T-DTG-HG* ****x*xxxdk adkdkkkdkdkrks *kk__Go——— ——— AM-PR-* **HIRYR--*
301 311 321 331 341 351 361 371 381
CONSENSUS ==> SDSEERWVGG GSEGSSSHGS DGSEFDDEGM QGDDPSSFRS EGGNSRMSSA GISSKESKGD TSEQTGTQQD DSDESQLVGS SSRKSFRKSR ISEEDLWDRG
Human -E---H---- --D-E----*% ----L----- -R-----N-- -MK---~*-E N---AN--** --GG---LEH P---I----- ----- *r--G
Cattle  -=--- H---- - -R----I-D- -LK-TQ---- DE--AS--** --H--PAAAY LP---**G——
Rat -E---YR--- -—- DR-HT----- --R-E----- *H-P-S--** ---D--D-EF Vo m*h o
Mouse -E---QR--- —---- Q-===* -—-- -S---E-T-- DR-HA----- -- R-E----- *R-P-S--** ---D--S-EF V-o—m— = ry-——
Wallaby R--D-YT--—- -- KQ-Y-NSR -D-S--- ----ADAIG- RTS----IRY SVY--KKIHN -RG-D-NR-- S--GD----Q ——K-A---**
Opossum -K-D-HN-EV ---K-Y-SS- -E-AL-E--- -IS----TGH SVNL-KKIHK -RH-D-NRK- *--V----- Q FG----Q-AH S----D--**
Platypus --GDGQSREN -E-****-D- -SQ----DE- DNS--S---D SLN----SQE N---*-SR-- SN-*--S--Q ----WLK-AG ----EED-S-
Caiman VSRYD-SL-N IGDSARTSHK ESYD------ ---K-KITRS D-H----SQE S-REPHKTKL NGISESMEL- N-H-FQNDGN N-G--**-SI
Fowl ****XG_—*—— --GG5-QEDDE ENIGLGS--- L--KH-SRGT SG-PW-DEDS H-PE-EDT** N-V-DSKEK- H-***QEN-E A-RS******
Pheasant ****G5__*_— --SS-QEDDE ESIGLGG--- ------V-D- L--RH-GRGN SG-PW-D-DS R-PE-EDT** N-V-DSEEK- H-***QEN-K A-MS******
401 411 421 431 441 451 461 471 491
CONSENSUS ==> ELNDSNTMEE TMSDSTEDSQ SKEAGNGQSD ENSKSESQED SNSESQEQED SPSVQDPSSE SSEEADEPSQ ENSDEEKSSE SQEEAESVSR GDNPDSTEES
Human --D-N----- VK----- N-N -RDT-LS-PR RD--GD---- -*K-NLS--E -QN-DG---- --Q--NLS-- —-**¥***__— ———— VV-E-- -----P-T**
Cattle -=-D--R-I*- -H--—-- RQE —-*E-NRSP-- -QD------- —-=Q-V-L-—-- ——k¥¥*d_—— ————— -=
Rat LKk kkkk* XE-R--T-—— T*A-T-S-—-
Mouse -=T---S*R- -Q--——=~TA ——=-*****x*% *EF_R-—-ww- T*A---G--- --EG------ ----- G-——— —S¥*kdk_— -
Wallaby DN-E-----— A----K-N-- -H-**-S--H ---Q-K---- ---Q---**S5 -Q***NL-R- -RPHN-DD-R —-*****-Q-K
Opossum -N-E------ -=--=--- KR- -S-**—---N ----- K-—-—— -—- Q--=-**- -QT-R-L--- ~RPHDSDE-Y —-*****_-Q-K
Platypus -Q----S--- KD-H----- S -R--SP---E -----K-H-- -G-R-R-GA- -RGSR-L--* -KDHSKGS-- -TVLKQ---K
Caiman -QDN-QS--A DEAK-RK--- -A-DS-*H-E -SAA-H-RK- *V-R-R-DVT -H-KE-VA-Q ----SR-SHE --EKIS-EMK -KSNEY-D-K SKDR--Y-DD
Fowl KKK KKK KXXKK KKK KK KA X *XX*RE- GD-P-**--- GD-P-K-DG- ---QE-AD-P -Q-D--S--- -A----SAED GS---**--A SQGRS-R--R
Pheasant FRKXK KKK A K KA AKXk KAk Kk Xk kX kX ARE- GD-P-**--- GD-P-R-D-- ---QE-GD-P -Q-DE-S--- -A----SAE- GS---**--T PEGRS-R--R
501 511 521 531 561 571 581 591
CONSENSUS ==> ASASDVTGDQ DDSNSSEEDS LNTSSDSESE STEEQADSES NESLSASEES QESSEEESSS SQEGLQSQSS SEESQSQESE SEGDSSSEQL QDSDSSSSEM
Human *kk_Y-*E-— SH-L-H-K-- -R-------- §---NF---- P--P-D-N-- —A----E--H —-E-*****x &____dkkxx
Cattle ***-HSREH- ~-DKP-~---— T P--T--QN-- =Q==P-E*** *_D-kxkxdkk kG _dkkkx
Rat HEKQEHF o ---F-S---Q ~R--R----Q --Q--R--EN R----***x*x%
Mouse HRRQRA -—-F-S---Q —T--R--~-Q P T
Wallaby VGL-E-NKED -T---K-N-- -R-D-S--K- H--VNT---- K--I-D-D-- -RV---VSR- -EEGN-Q--D
Opossum VGL-EDNKED -----K-D-- -G-A-S---- ---E-P-V-- K----*-N-- N---F----- - T----VSK- -EEEN-Q--E
Platypus *****ED--E V--D--Q-S- -SK--Q---- -R-SREH-K- S--SRQ---- R-----K--- -H---L-H** ***-R-SSK- GTKE-D-E-S
Caiman S-SV-SESAE -QGDK-KSQE KSQ-TEDSM- -E-DTN--I- VD-RLSHSK- D--TSISREL VGSESHEDDR ---VRG-D-K -AETYD-GSK EEEH-H-R--
Fowl ---E-RSAVS -LDT**--EQ SRSKE--LET **--DVSKPD DDAP---T-- -S--P-G-QE DS--EEDEAV ----T-T--T ****x*xkxdkx xkxkrkrrxx
Pheasant ~--ENKSAMS -LD-**--EQ STSKE--LET **--DVSKPD EDAP---T-- -S--P-G-QE DS--EEDKTV ----T-T--T ****x*kkkxx sxxkkkrrxsk
601 611 621 631 641 651 661
CONSENSUS ==> DARASQDSSR SKEDSNSTES ASSSEEDASL LKSIEVESRK LIVDAYHNKP IGDQDDNDCQ DGY
Human Kk K kK G
Cattle oot
Rat Kk
Mouse FrII K e = B----G~ -rw==-= IR*
Wallaby ----F-EN-N L---V--N-- P-V-N-E*-- -VL-S---R-
Opossum ----L-EN-K L--NES-S-- R-V-N-E*-- ~===T---R-
Platypus ES***-EN-T --R--K---- QP-------- ~ML~—————— ———- . PN
Caiman -SYSHSRERD -HSREDA-NE ST-H-D-*-- PR-M-MDN-- -ML-V----- --- Y--m——= ===
Fowl ***N-ASLEE DDD-DVHSQE TT-RGD*--S -R-L**KN-R RRPG---R-Q AAEL--D--- ---
Pheasant ***N-ASPEE EDD-DEHSQE -T-RGD*--S -R-L**KN-R RRPG---R-Q AAEL......

Fig. 3. Amino acid sequence alignment of mammalian, avian, andisks,gaps introduced to optimize the alignment; afats, lack of in-
reptilian DMP1s. The stretch between position 46 and position 158 formation. Amino acid residues are given in the IUPAC-IUB single-
which is present only in the caiman protein, is omitt®dshesndicate letter code. Exon boundaries are not considered in the alignment.
identity with the simple majority consensus sequence at theatstpr-

Further support for the conclusion that the fowl se-DMP1gene is also expressed weakly in other tissues (no
quence comes from thBMP1 gene is provided by the additional positive tissues were detected by the PCR am-
results of northern blot hybridization. Messenger RNA plification of the DMP1 transcript, however), its main
was extracted from the jaws, brain, long (leg) bone,loci of expression in the fowl embryos are the jaws and
heart, liver, and stomach of 11- and 13-day-old fowllong bones, the same tissues as in mammals. Finer reso-
embryos and subjected to northern blot analysis, usindution and identification of the cells expressing the gene
[1.3-kb-long fowl cDNA probe encompassing almost must await the results of in situ hybridization of tissue
the entireDMP1 coding region. A single bandl.7 kb in  sections. The results of the expression studies are sig-
length was observed only in the lanes containing mRNAnificant in light of what is known about the process of
derived from the jaw and from the long bone (Fig. 5B). tooth development in mammals. The first step in this
Although we cannot exclude the possibility that the process is the migration of neural crest cells into the
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against codon position for selected pairwise comparison of fowl (F),
pheasant (P), caiman (C), mouse (M), and human QNP1 se-
quences. A sliding window of 30 codons (including alignment gaps)
was used to generate the plot, with measurements taken at 5-cod(
intervals.

tooth-forming region of the jaws, the so-called maxillary | 209

and mandibular arches (Smith and Hall 1990). The mes -
enchymal cells then induce the overlying dental epithe-{ 1000

lium to form the dental lamina. The subsequent invagi-
nation of the dental lamina into the mesenchyme forms
the dental organ, around which the mesenchyme con
denses into the dental papilla. We have no informatior
whether any part of this process also takes place in theig. 5. A Southern blot of fowl genomic DNA digested wiktindlll
fowl embryo. Since neural crest cells also give rise to(H). Tad (T), Pst (P), andAlul (A) restriction endonucleases and
bone structures in the jaws, the obsenZ#dP1 expres- hybridized with an exon 6 fowl probe covering codons 71-144. The

. . . . probe was obtained by PCR amplification with the primer pair
sion in this organ mlght not be related to tooth formation DEN112/DEN115. A similar pattern was obtained using a probe am-

at all. plified with the primer pair CD8/CD10. Approximate sizes of frag-
From the experiments described herein, we concludenents are indicated in kilobase pai.Northern blot of poly(&)

that the gene we have identified is indeed the bird homRNA isolated from jaws (J) and long (leg) bone (B) of 11- and
mologue of the mammalian/reptiliaDMPl gene. We 13-day-gld fowl embryos, as well as heart (H), stomach (S), liver (L),
base this conclusion on the following observations,2"d Prain (R) of 13-day-old fowl embryos. The probe was near full-

) . . . length (1.3 kilobase pairs) fowl cDNA, obtained using the DEN104/
First, the bird gene contains the same three short highly:pg primer pair. Marker sizes (in nucleotides) are indicated otetie
conserved segments characteristic of the mammaliampproximately 2.5-3ug of mRNA was loaded on each lane. The
reptilian DMP1 genes. Second, the bird sequence is depositive control (hybridization with a probe specific for the fowl glyc-
rived from a single-copy gene which does not appear t§raldehyde-3-phosphate dehydrogenase transcript) is not shown.
be a member of a multigene family. Third, in the birds
the gene evolves in the same manner as its presumdabns in addition to its involvement in tooth formation.
homologues in mammals and reptiles—slowly in thelndeed some data on its expression in tissues other than
conserved regions and rapidly in the divergent regionsdeveloping teeth seem to suggest a role consistent with
Fourth, the fowl deduced protein sequence possesses tihibition of calcification (Lemus et al. 1983). In this
same features (high content of Asp, Glu, and Ser resiscenario, the gene remains under selective pressure be-
dues) as its mammalian/reptilian counterparts. Fifth, thecause of the other roles it plays. An alternative scenario
chicken gene has an exon/intron organization similar tqostulates that the gene has assumed a new function in
that of theDMP1 genes. Finally, the expression pattern birds. In both cases, it is possible that the loss of tooth
of the chicken gene resembles that of IP1 genes. function would produce a change in the evolutionary rate
Hence toothless birds have retained a functional genef the gene. We interpret the similarity of the conserva-
that in toothed vertebrates is critically involved in tooth tion patterns in birds compared to other vertebrates to
formation. indicate that the gene’s evolution remains relatively un-

There may be two reasons why they have done soperturbed by the tooth loss.
The DMP1 gene of all vertebrates may have other func- In conclusion, we have shown that gross changes in
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morphological features may have no major effect onHirstKL, Ibaraki-O’Connor K, Young MF, Dixon MJ (1997a) Cloning

genes directly involved in the ontogeny of these features. and expression analysis of the bovine dentin matrix acid phospho-
. . . i .JD Res 76:754-7

The loss of teeth in birds has not caused the concomltandir protein gene. J Dent Res 76:754-760

. st KL, Simmons D, Feng J, Aplin H, Dixon MJ, MacDougall M
loss of theDMPlgene. Other genes, such as ameIOgemn’ (1997b) Elucidation of the sequence and the genomic organization

may have become redundant and nonfunctional. The of the human dentin matrix acidic phosphoprotein 1 (DMP1) gene:

maintenance of gene function points to the possibility of  exclusion of the locus from a causative role in the pathogenesis of

future evolutionary innovation involving sidelined genes. ~ dentinogenesis imperfecta type Il. Genomics 42:38-45
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